Graphene, a two dimensional (2D) carbon sheet, acquires many of its amazing properties from the Dirac point nature of its electronic structures with negligible spin-orbit coupling. Extending to 3D space, graphene networks with negative curvature, called Mackay-Terrones crystals (MTC), have been proposed and experimentally explored, yet their topological properties remain to be discovered. Based on the first-principle calculations, we report an all-carbon MTC with topologically non-trivial electronic states by exhibiting node-lines in bulk. When the node-lines are projected on to surfaces to form circles, "drumhead" like flat surface bands nestled inside of the circles are formed. The bulk node-line can evolve into 3D Dirac point in the absence of inversion symmetry, which has shown its plausible existence in recent experiments.
INTRODUCTION
cently, high-quality 3D nanoporous graphene fabricated by using nanoporous Ni as template shows very similar MTC structure, [15, 16] making synthesizing of it very promising. On the other hand, the topological properties of the band structure for these all-carbon MTC remain unexplored and will be the main subject of this paper. We will show that such all-carbon MTC can host non-trivial electronic states, including topological node-lines and 3D Dirac points, which are distinct from its 2D counter material graphene.
RESULTS
We concentrate on the MTC formed with Schwarz minimal P-surface. As shown in Fig.   1 , a stable structure with simple cubic lattice in P m3m space group, and 176 atoms per unit cell has been obtained by Tagami et al. in Ref. 17 and labeled as 6-1-1-p. After full structural relaxation, we get the lattice constant a=14.48Å, and the diameters of the pipes or pores are around 9.876Å and 5.629Å, respectively, which are in good agreement with their results. [17] The electronic band structure of this crystal, calculated based on the local density approximation (LDA), is shown in Fig. 1(d) . We find that this crystal is a semimetal with band crossings around the Fermi level, similar to the massless Dirac cone in graphene, but they are in fact very different -the key issue of this paper.
Band structure
Detailed analysis of the band structure reveals that: (1) The occupied and unoccupied low energy bands are triply-degenerate at Γ, and have T 1g and T 2u symmetry, respectively.
The formers are even while the laters are odd under spacial inversion symmetry. Moving from Γ to R point, their degeneracy recover again. However, their energy ordering exchanges, leading to the so called band inversion, which is one of the key ingredients for the topological insulators. [18, 19] Due to the band inversion, the band crossings happen along both X − R and R − M paths as seen from Fig. 1(d) . (2) Including SOC in the calculation, a gap will open up around the band crossings, leading to a 3D strong topological insulator with Z 2 index of (1;111) [20] by treating the lower half of the anti-crossing bands as occupied.
However, similar to graphene, the SOC splitting is small (around 0.13 meV or 1.5 K), and can be neglected in cases with temperature higher than 1.5 K. The low energy bands near the Fermi level are formed by the overlapping of the molecular orbitals with T 1g and T 2u symmetry. Since each isolated carbon cluster in the MTC has approximately spherical symmetry, these molecular orbitals can be viewed as the "atomic orbitals" with g and f -wave symmetry, which are further splitted under the cubic crystal field. Therefore, the T 1g sector consists of g xy(x 2 −y 2 ) , g yz(y 2 −z 2 ) and g zx(z 2 −x 2 ) orbitals, while the T 2u sector contains f x(y 2 −z 2 ) , f y(z 2 −x 2 ) , and f z(x 2 −y 2 ) orbitals. Thus, these six hypothetical atomic orbitals are used as basis set to reproduce the low energy physics of this system. A and T 2u bands at Γ have eigen energies of E g + 4V ggp + 2V ggd and E f − 4V f f d , respectively.
Those at R are E g − 4V ggp − 2V ggd and E f + 4V f f d due to the nearest-neighbor hopping.
Here, E g and E f are on-site energies for g and f orbitals. V ggp and V ggd are the hopping parameters among g orbitals. V f f p and V f f d are those for f -orbitals. From these analysis, we learn that the band inversion or the switching of g (T 1g ) and f (T 2u ) orbitals between Γ and R points is due to the strong energy dispersion (or the large hopping parameters).
Artificially reducing the hopping parameters (such as expanding the lattice parameter) by 50% will eliminate the band inversion, with T 1g states lower than the T 2u states at R point. This calculation also suggests that the strength of band inversion in the system is strong.
Topological Node-Lines and 3D Dirac Points
Interestingly, the band crossings in MTC lead to node-lines rather than node points.
In other words, the band crossings exist along certain closed loops in the 3D momentum space, and generate three circular-like node-lines around the R point, as shown in Fig. 2 .
These node-lines are protected by two factors, one is the coexistence of time reversal (T) and spacial inversion (P) symmetry and the other factor is that the SOC is neglectable.
With the coexistence of P and T symmetries, there exists a certain gauge choice under which the spineless Hamiltonian is completely real valued. (See Supplementary Materials for details) Now we will show that for this system, if there is an energy level-crossing of two bands at a momentum k 0 , a stable node-line will unavoidably appear. Around the crossing point, the two-level 2×2 Hamiltonian can be written in the following general form:
where the Pauli matrices σ i (i=x, y, z) denote the two-band space. Without loss of generality,
and the energy degeneracy can be obtained when the three conditions
are satisfied with three parameters k(k x , k y , k z ) in the 3D momentum space. As mentioned above, the Hamiltonian can be chosen to be real valued leading to
can be expanded around k 0 and the location of the crossing points can
where It is now clear that this 3D MTC is different with graphene in the sense that it is a semimetal with node-lines in the 3D momentum space with the presence of both T and P symmetries. The thing becomes even more interesting if P symmetry is further broken. In such a case, from above discussions, we will in general expect three conditions with three parameters for the band crossing points, leading to isolated points in the 3D kspace. This is nothing but the 3D Dirac metals discussed recently. [22] [23] [24] [25] [26] [27] On the other hand, comparing with other proposals for Dirac semimetals, the 3D Dirac point here is topologically stable and does not require the protection from any crystalline symmetry. Similar with the situation in grephene, finite SOC will open a gap at the Dirac point and makes the system a topological insulator. In fact, although our calculated structure has inversion symmetry, most of known real samples of MTC [15, 16] have strong defects and orientation disorder, which should break inversion symmetry. The plausible existence of these stable 3D Dirac points has been indicated by the density of states [15] and heat capacity measurements. [28] If T symmetry is further broken in the system, we will expect Weyl semimetal states, which has been extensively studied but not realized yet experimentally. [29] [30] [31] [32] Fermi surface and surface flat band
The two crossing bands within the k z = The hypothetic atomic orbital basis set is arranged in the order of g xy(x 2 −y 2 ) , g yz(y 2 −z 2 ) , g zx(z 2 −x 2 ) , f x(y 2 −z 2 ) , f y(z 2 −x 2 ) and f z(x 2 −y 2 ) . Those from g (f ) orbitals are triple-degenerate and the on-site energy is set as E g (E f ). Since the cubic symmetry, only g xy(x 2 −y 2 ) orbital is plotted in the xy plane in Figure S1 . The f x(y 2 −z 2 ) is plotted as two parts f xy 2 and −f xz 2 , perpendicular to each other. Arranging these orbitals on a simple cubic lattice with lattice constant a, the Slater-Koster parameters for nearest-neighbor hopping is defined in the following. The nearest hopping between g xy(x 2 −y 2 ) in x and y direction is V ggp , while that in z direction is V ggd . The hopping between f xy 2 (−f xz 2 ) along x and y (x and z) is V f f p , and that along z (y) direction is V f f d . The hopping between nearest neighboring g xy(x 2 −y 2 ) and f xy 2 (−f xz 2 ) along y direction is V f gp (V f gd ), while those along x and z direction are zero. We list some of the nonzero elements of final tight-binding hamiltonian and others can be easily derived by using the cubic cyclic symmetry. Figure S1 . The angular distribution of g xy(x 2 −y 2 ) , f xy 2 and −f xz 2 orbitals. Here a x , a y and a z are the nearest neighbor site along positive x, y and z direction, respectively. We have fitted all the Slater-Koster parameters and find that E g =-0.12, E f =0.19,
can well reproduce the band structure from first-principles calculation as shown in Fig. 2 of main text.
However, the following set of parameters will modify the band structure by shifting the band crossing from R-M to Γ-M. The band structure with Figure S2 .
Compared with that in realistic case, there is additional band inversion at M. This changes the Z 2 index to be (0;111) if the tiny SOC is considered.
6-1-2-p case
For 6-1-2-p case, the band structure from first-principles calculation is shown in Figure   S3 . Obviously, there are band inversion around M point. Careful analysis has shown that the occupied and unoccupied triply degenerated bands at Γ (also at R point) are T 1u and T 2g , respectively. Therefore, we can take hypothetic p x , p y and p z orbitals as the basis for T 1u representation in cubic symmetry and d xy , d yz and d zx form T 2g . All the p orbitals have on-site energy E p and d orbitals have E d . The Slater-Koster parameters such as V ppσ , V ppπ , V ddπ , V ddδ and V pdπ are defined as in common. [37] Putting these orbitals on a simple cubic lattice, we can have the tight-binding Hamiltonian and some of the nonzero elements are listed as following:
The other elements can be obtained by using cubic cyclic symmetry. The fitted parameters which can well reproduce the band structure from first-principles calculation are E p =-0.10147, E d =0.28281, V ppσ =0.02005, V p pπ=-0.017848, V pdπ =0.034711, V ddπ =0.04694, V ddδ =-0.062523.
REAL VALUED HAMILTONIAN FOR SPINLESS SYSTEM WITH BOTH TIME-REVERSAL AND INVERSION SYMMETRY
We will show that for a spineless system with both time-reversal (T) and inversion (P) symmetry its Bloch Hamiltonian H(k) can always be taken as real valued under some certain gauge choice. To be general, plane waves e i(k+Gn)·r are taken as basis set to describe H(k), where G n are the reciprocal lattice vectors. With the above chosen basis set, the invariance under time reversal operator T can be expressed as,
and that of the inversion symmetry readŝ
, where the unitary matrixÔ can be defined asÔ nm = 1 for n = −m and zero for all the other matrix elements. From the above two equations, it is obvious that H(k) is real.
TOPOLOGY OF BULK NODE-LINE HAMILTONIAN
As shown in main text, the effective hamiltonian for bulk Node-line state can be written as 
